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INTRODUCTION 

Attempts t o  understand t h e  thermal chemistry o f  coal a t  the molecular l e v e l  are 
severely complicated by i t s  inherent  p roper t ies :  a d iverse  ar ray  o f  s t r u c t u r a l  u n i t s  
(e:g., aromatic, hydroaromatic, and h e t e r o c y c l i c  aromatic c l u s t e r s  connected by s h o r t  
a l i p h a t i c  and e ther  l i n k s )  and f u n c t i o n a l  groups (e.g., phenol ic hydroxyls,  car -  
boxyls,  and bas ic  n i t rogens)  i n  a cross-1 inked macromolecular framework w i t h  no 
repeat ing u n i t s  (1,2). h e  s i m p l i f y i n g  experimental approach has been t h e  study o f  
i n d i v i d u a l  model compounds t h a t  high1 i g h t  s t r u c t u r a l  fea tures  i n  coal. A compl i -  
c a t i n g  f e a t u r e  i n  t h e  i n t e r p r e t i v e  e x t r a p o l a t i o n  o f  model compound behavior t o  coal 
i s  the  poss ib le  mod i f i ca t ions  i n  f r e e - r a d i c a l  r e a c t i v i t y  pa t te rns  r e s u l t i n g  from 
r e s t r i c t e d  t r a n s l a t i o n a l  m o b i l i t y  i n  t h e  coal where breaking one bond i n  t h e  macromo- 
l e c u l a r  s t r u c t u r e  w i l l  r e s u l t  i n  r a d i c a l  centers t h a t  are s t i l l  attached t o  t h e  r e s i -  
dual  framework. We are modeling t h i s  phenomenon by s tudy ing  the thermolys is  o f  model 
compounds t h a t  are immobilized by covalent attachment t o  an i n e r t  surface. Previous 
s tud ies  o f  s u r f a c e - i m o b i  1 i zed  bibenzyl  ( 1 , 2 d  iphenyl ethane) showed t h a t  immobi 1 i za- 
t i o n  can pro found ly  a l t e r  f r e e - r a d i c a l  reac t ion  pathways compared w i t h  the  
corresponding f l u i d  phase behavior (3).  
became dominant decay routes lead ing  t o  rearrangement, c y c l i z a t i o n ,  and hydrogenoly- 
s i s  o f  t h e  bibenzyl  groups. 
e f f e c t s  o f  surface immobi l i za t ion  on t h e  thermolysis o f  1,3-diphenylpropane, whose 
f l u i d  phase behavior has been ex tens ive ly  inves t iga ted  (4-8). 

I n  p a r t i c u l a r ,  f ree- rad ica l  chain pathways 

In t h i s  paper we descr ibe pre l im inary  r e s u l t s  on t h e  

EXPERIMENTAL 

Surface-immobilized 1 ,3d ipheny l  propane (--DPP) was prepared a t  s a t u r a t i o n  
coverage by t h e  condensation a t  225 'C o f  excess pHOPh(CH2)3Ph w i t h  the  surface 
hydroxyl  groups o f  a fumed s i l i c a  (Cabosil M-5, Cabot Corp., 200 m2/g) according t o  
t h e  procedure descr ibed prev ious ly  f o r  surface-immobilized bibenzyl  (3) .  Excess phe- 
no l  was removed by heat ing  a t  300 (Batch A) o r  270 O C  (Batch B) f o r  0.5 h under a 
dynamic vacuum. The lower temperature used f o r  Batch B appears t o  minimize a t r a c e  
amount o f  r e a c t i o n  (ca. 0.02%) t h a t  occurs dur ing  t h i s  p u r i f i c a t i o n  stage. GC analy-  
s i s  f o l l o w i n g  a base h y d r o l y s i s  assay procedure (3) gave coverages o f  0.586 (Batch A) 
and 0.566 (Batch B) mmol --DPP per  gram o f  f i n a l  product. The s t a r t i n g  phenol was 
prepared by t h e  a c i d  catalyzed condensation o f  cinnamyl alcohol  (PhCH=CHCH20H) and 
phenol (9) fo l lowed by c a t a l y t i c  hydrogenation (10% Pd/carbon) o f  t h e  o l e f i n i c  i n t e r -  
mediate. 

been thoroughly descr ibed elsewhere (3).  
mater ia l  (0.17-0.23 mmol --DPP) are employed, and v o l a t i l e  products are c o l l e c t e d  i n  
a c o l d  t r a p  and then analyzed by GC and GC-MS. 
at tached products a re  l i b e r a t e d  as phenols f o l l o w i n g  d i g e s t i o n  o f  the  s i l i c a  i n  1 N 
NaOH, s i l y l a t e d  t o  t h e  corresponding t r i m e t h y l s i l y l  ethers,  and analyzed as above. 

Thermolysis ( i n  sealed, evacuated tubes) and product ana lys is  procedures have 
Typ ica l l y  0.3-0.4 g o f  surface-attached 

In  a separate procedure sur face-  
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RESULTS AND D I S C U I S I f i  

Thermolyses have been performed a t  345 and 375 "C, and the  product d i s t r i b u t i o n s  
f o r  the f o u r  major p r imary  products and t h e  major secondary products are shown as a 
f u n c t i o n  o f  --DPP conversion i n  F igure  l a .  
1.94%) were obtained a t  345 "C, w h i l e  t h e  remainder o f  t h e  data was obtained a t  375 
"C. 
terms o f  products de tec ted  and t h e i r  r e l a t i v e  y i e l d s .  The only d i f f e r e n c e  observed 
was a s l i g h t l y  s lower r e a c t i o n  r a t e  f o r  batch B (ca. 30%) perhaps r e f l e c t i n g  a 
s l i g h t l y  h i g h e r  p u r i t y  as a r e s u l t  o f  p u r i f i c a t i o n  a t  the  lower temperature (see 
experimental sec t ion) .  

i n  e s s e n t i a l l y  equal amounts as shown below. 

The two lowest conversion runs (1.50 and 

Resul ts f rom t h e  two d i f f e r e n t  h igh  coverage batches o f  --DPP were cons is ten t  i n  

We f i n d  t h a t  a t  low conversions (<-3%) --OPP cracks t o  form f o u r  major products 

--Ph(CH2)3Ph + --PhCH3 + PhCH=CH2 + --PhCH=CH2 + PhCH3 1) 

1 2 3 4 

Thermolysis o f  l i q u i d  DPP a t  very l o w  conversions a l s o  gave a correspondingly s imple 
product d i s t r i b u t i o n  as shown i n  Eq. 2 (4).  

Ph(CH2)3Ph + PhCH3 + PhCH=CH2 2) 

Hence a t  l o w  conversions, t h e  surface- immobi l ized DPP i s  reac t ing  i n  an analogous 
fash ion  t o  l i q u i d  DPP. The a d d i t i o n a l  product p a i r  observed i n  the  thermolysis o f  
--DPP r e s u l t s  f rom t h e  f a c t  t h a t  t h e  two ends o f  t h e  DPP molecule are no longer 
equ iva len t  u on cova len t  sur face  attachment. The i n i t i a l  r a t e  o f  t h e  --DPP r e a c t i o n  

9 min r e a c t i o n  p e r i o d ) ,  and t h i s  decomposition r a t e  i s  comparable t o  t h a t  measured 
f o r  l i q u i d  DPP (ca. 19% h - l )  (4) .  
a t  h igh coverage i s  n o t  per tu rb ing  the  i n i t i a l  r e a c t i o n  behavior o f  the  DPP moiety. 

cha in  r o u t e  whose c h a i n  propagat ion steps are  shown i n  Eqs. 3 and 4 (4).  I n  the case 

i s  1 5 2 0 %  h- P a t  375 O C  f o r  t h e  two batches (based on a 2.3-3.0% conversion a f t e r  a 

This f u r t h e r  i n d i c a t e s  t h a t  surface immobi l i za t ion  

The f a c i l e  decomposition o f  l i q u i d  DPP was demonstrated t o  a r i s e  from a r a d i c a l  

PhiH2 + PhCH2CH2CH2Ph + PhCH3 + PhiHCH2CH2Ph 3) 

PhCHCH2CH2Ph + PhCH=CH2 + PhCH2 4) 

o f  --DPP, two d i s t i n c t  benzy l i c  r a d i c a l s  can be formed by hydrogen a b s t r a c t i o n  
(Eq. 6) f o l l o w i n g  a smal l  amount o f  i n i t i a l  homolysis (Eq. 5 ) .  Each rad ica l  can then 
undergo a r a p i d  8 - s c i s s i o n  process (Eqs. 7 and 8) t o  produce the surface bound and 
f r e e  styrene products ( 3  and 2 respec t ive ly )  analogous t o  Eq. 4. The f r e e  and 
surface- immobi l ized benzyl r a d i c a l s  propagate the  cha in  by reac t ing  w i t h  --DPP 
(Eq. 6; R = PhCH?) t o  form t h e  f r e e  and surface bound to luene products ( 4  and 1 
r e s p e c t i v e l y )  w h i l e  regenerat ing 5 and 6. 

--PhCH2 + PhCH2CH2 

--PhCH2iH2 + PhiH2 

--Ph( CH2)3Ph 
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--PhtHCH2CH2Ph t RH 6a 1 

--PhCH2CH2iHPh t RH 6b 1 

( o r  --RH) 
5 

( o r  --RH) 
6 

--PhCHCH2CH2Ph + --PhCH=CH2 t PhCH2 7) 
5 

--PhCH2CH2CHPh + --PhCH2 + PhCH=CH2 8) 

6 

No s e l e c t i v i t y  i s  observed f o r  t h e  two poss ib le  decay routes t h a t  form the  product 
p a i r s  1 and 2 o r  3 and 4. This  suggests t h a t  a t  low conversions, rad i ca l s  5 and 6 are 
formed w i t h  equal p r o b a b i l i t y  and t h a t  t h e i r  8-sc iss ion react ions (Eqs. 7 and 8) 
occur a t  equal rates.  Trace q u a n t i t i e s  o f  o ther  pr imary products (each <0.05 mol% o f  
t h e  products) i n c l u d i n g  f r e e  and sur face bound PhC2H5 (Eq. 6; R = PhC2H4) and f r e e  
bibenzyl ( f rom benzyl rad i ca l  coupl ing)  a re  a l so  detected. 

As t he  convers ion o f  --DPP increases, there i s  a divergence i n  t h e  y i e l d s  o f  t he  
f o u r  main products  (Fig. l a ) ,  and several  secondary products a re  formed i n  small b u t  
increas ing y i e l d s .  The most s i g n i f i c a n t  of these (reaching about 2.8 mol X o f  the  
products a t  23% conversion) i s  --Ph(CH2)3Ph--, 7 ( i d e n t i f i e d  by GC-MS as t h e  
corresponding b i s t r i m e t h y l  s i l y l  e the r  a f t e r  workup). The format ion o f  t h i s  doubly 
attached product  a r i s e s  from a secondary reac t i on  t h a t  consumes 3, perhaps v i a  addi -  
t i o n  of  surface-attached benzyl r a d i c a l  (which would normally have reacted t o  form 1) 
t o  the  surface-attached styrene. Addi t ional  secondary products observed a t  h igher  
conversion i n c l u d e  several u n i d e n t i f i e d  isomers o f  composit ion corresponding t o  
--C23H22--. These products a l s o  i n v o l v e  the consumption o f  sur face bound s ty rene  
(and a --DPP) and have a formal analog, 1,3,5-triphenylpentane, amongst t he  secondary 
products detected i n  t h e  thermolys is  o f  l i q u i d  DPP (4).  
conversion s tud ied  (23%), t he  secondary products sum t o  on l y  5 mol % of t h e  t o t a l  
products. The rad i ca l  chain decomposition of surface-immobil ized DPP i s  a very e f f i -  
c i e n t  process w i t h  an estimated k i n e t i c  chain l eng th  (c.1.z (PhVi + --PhVi)/4PhEt) o f  
200 a t  345 "C. 
homolysis (Eq. 5) and t h a t  a l l  PhC2H4. s t a r t  chains. 

One o f  t h e  most i n t e r e s t i n g  features t o  emerge from t h i s  study i s  an observed 
s e l e c t i v i t y  f o r  t h e  rad i ca l  cha in  r e a c t i o n  path t h a t  forms 1 and 2 r e l a t i v e  t o  t h a t  
which forms 3 and 4 as the  conversion increases. 
Fig. l b  where the  s tyrene t o  to luene y i e l d  r a t i o  (these products are no t  consumed i n  
secondary reac t i ons )  i s  used as an i n d i c a t o r  o f  t h i s  s e l e c t i v i t y .  
increases monotonica l ly  from a va lue o f  1.00 (k0.02) i n d i c a t i n g  no s e l e c t i v i t y  a t  
conversions ~ 4 %  t o  a va lue o f  1.41 (t0.04) a t  23% conversion. We prev ious l y  observed 
i n  the  case o f  surface-immobil ized bibenzyl t h a t  reac t i on  ra tes  o f  rad i ca l  chain 
pathways are ve ry  s e n s i t i v e  t o  changes i n  surface coverage (3). These s tud ies  a l so  
l n d i c a t e d  t h a t  un imolecular  steps such as Eqs. 7 and 8 should be unaf fected by such 
surface coverage changes. 
h ighe r  conversions may i n d i c a t e  t h a t ,  as the  molecules o f  --DPP become spread apar t  on 
t h e  surface, hydrogen abs t rac t i on  a t  t h e  benzy l i c  carbon t h a t  i s  f a r t h e s t  f rom t h e  
surface i s  becoming favored, i.e., s e l e c t i v i t y  f o r  format ion o f  6 (Eq. 6b) r e l a t i v e  
t o  5 (Eq. 6a). However t h e  compl icat ion r e s u l t i n g  from t h e  format ion o f  secondary 
products, which l i k e l y  i nvo l ve  t h e  reac t i on  o f  5 and 6, does n o t  a l l o w  a f i r m  

However even a t  t h e  h ighes t  

This  c a l c u l a t i o n  assumes t h a t  t he re  i s  no s e l e c t i v i t y  i n  t h e  i n i t i a l  

I 

1 This  i s  most c l e a r l y  seen i n  

The r a t i o  

The observed r e g i o s p e c i f i c i t y  i n  the  reac t i on  of --DPP a t  
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conclusion t o  be reached a t  t h i s  time. Pdd i t iona l  i n s i g h t s  i n t o  the  cause o f  t h i s  
r e g i o s p e c i f i c i t y  should be gained from c u r r e n t  studies being performed a t  lower i n i -  
t i a l  surface coverages. 

CONCLUSIONS 

Covalent attachment of  o rgan ic  compounds onto an i n e r t  s i l i c a  surface has proven 
t o  be a successful  methodology f o r  exp lo r ing  t h e  thermal r e a c t i o n  chemistry o f  coal  
model compounds under surface- immobi l ized cond i t ions  a t  temperatures re levant  f o r  
coa l  thermolysis.  Previous s tud ies  of surface-attached bibenzyl  showed t h a t  r e s t r i c -  
t i o n s  on f r e e - r a d i c a l  m o b i l i t y  can have a s i g n i f i c a n t  impact on r e a c t i o n  ra tes  and on 
t h e  nature and composi t ion of  t h e  r e a c t i o n  products when compared w i t h  f l u i d  phase 
behavior. The c u r r e n t  i n v e s t i g a t i o n  o f  t h e  thermolysis o f  surface-immobilized 
1,3diphenylpropane has shown t h a t  f a c i l e  decomposition o f  the  t r imethy lene l i n k  by 
means o f  a r a d i c a l  c h a i n  process can s t i l l  occur under surface-immobilized con- 
d i t i o n s .  
p e t i n g  r a d i c a l  cha in  decay pathways t h a t  cyc le  through benzy l i c  r a d i c a l s  5 and 6. 
However a t  h igher  conversions, a s e l e c t i v i t y  i s  observed favor ing  the  r a d i c a l  cha in  
rou te  c y c l i n g  through 6. Experiments a re  i n  progress t o  determine i f  t h i s  selec- 
t i v i t y  i s  a r e s u l t  o f  r e g i o s p e c i f i c  hydrogen t r a n s f e r  on t h e  surface a t  lower sur face  
coverages. 

I 

For --DPP no s e l e c t i v i t y  i s  observed a t  low conversions f o r  t h e  two com- 
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f i g u r e  1. !4'hermolysis of ""Ph(CH2)3Ph 
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